The possibilities for using the pulsed time-of-flight laser radar technique for hot refractory lining measurements are examined and formulae are presented for calculating the background radiation collected, the achievable signal to noise ratio and the measurement resolution. An experimental laser radar device is presented based on the use of a laser diode as a transmitter. Results obtained under real industrial conditions show that a SNR of 10 can be achieved at measurement distances of up to 15 -20 m if the temperature of the converter is 1400°C and the peak power of the laser diode used is 10 W. The single shot resolution is about 60 mm (sigma value), but it can be improved to mm range by averaging techniques over a measurement time of 0.5 s. A commercial laser radar profiler based on the experimental laser radar device is also presented, and results obtained with it in real measurement situations are shown. These measurements indicate that it is possible to use the pulsed TOF laser radar technique in demanding measurement applications of this kind in order to obtain reliable data on the lining wear rate of a hot converter in a steel works.
I. INTRODUCTION
Pulsed time-of-flight (TOF) laser distance measurement techniques based on semiconductor laser diodes have been developed extensively for industrial inspection purposes in recent years /1/ /2/. The fact that the measurement point is known is an important advantage in profiler applications, as the transmitter beam can be focused on a small spot by means of a single lens. The size of the optics can be reduced due to the shorter wavelength of the light compared with microwaves, and this enables small, even handheld laser systems to be constructed. The TOF technique makes it possible to achieve a larger linear dynamic measurement range with smaller construction dimensions than by the triangulation method /3/. The radiation source in the pulsed TOF technique is usually a semiconductor laser diode, which is stable, long-lived and allows a pulse repetition rate of several kiloherz which means reliable and faster measurement than with devices using the other TOF principle, modulation of a continuous wave (the CW technique). The pulsed TOF technique always gives an exact result for an object at an unknown distance, while the CW technique usually requires the distance to be measured at at least two modulation frequencies to produce an exact result /4/. The transmitted laser pulses used in the pulsed TOF technique are usually narrow, which means that a high peak power of up to tens of watts can be achieved while the average optical power level remains low. This and the well defined beam are important points if measurements are to be carried out in environments where a large number of workmen are present. If the received signal-to-noise-ratio (SNR) is small, so that the single shot resolution is not good enough, resolution can be improved as far as the millimetre range by using an averaging technique without the measurement time becoming unnecessarily long.
One important field of application for this technique concerns profiling measurements in industry e.g. measurement of the shape of huge steel blocks in shipyards /5/, which can be done to an accuracy of a few millimetres before assembly. This means savings in assembly time and costs. Another application in which benefits can be achieved, especially in terms of a faster measurement time, is described in this article. This is concerned with checking the thickness of hot refractory linings in steel works /6/, /7/, /8/.
In the modern LD-KG (Linz Donawitz -Kawasaki Gas) steelmaking process adopted at the Raahe Steel Works in Finland in 1984, the LD converter in which the steel is produced is a large, cylindrical steel vessel lined with heat-resistant bricks. The diameter of the converter body at the Raahe Steel Works is 5.4 m and its depth 7.1 m, while the lining thickness varies between 60 cm and 100 cm, being thickest on the bottom of the converter. A typical campaign time for the converter is about 1400 -1600 heats, which takes about 50 days, after which it must be relined, at a cost of about $250,000. To achieve maximum savings, the converter should be used for as long as possible without the risk of burn-out becoming too high. These requirements need an effective, reliable means of checking the lining thickness, which it should be possible to measure between tapping and recharging to prevent unnecessary costs and time-consuming delays in production. The total profiling time should also be as short as possible, preferably less than 10 minutes, to prevent the converter from cooling down too much. This means that the temperature of the lining during measurement will be high, usually between 1100°C -1400°C, which induces severe background radiation and noise problems.
The possibilities for applying TOF techniques to the profiling of hot surfaces are discussed here. First, the theory of the measurement method is examined as far as the amount of background radiation, noise and achievable signal to noise ratio are concerned, and then the basic construction of the experimental laser radar device, containing an optomechanical measuring head and distance measurement electronics, is presented. After this, basic measurement results obtained in the laboratory and in real industrial environments are shown, and finally a commercial laser profiler, LR-2000, based on the prototype described in this article is presented and some real measurement results obtained in hot converters are quoted.
II. SIGNAL AND NOISE

A. Background radiation
Many problems arise when one is carrying out TOF laser profiling measurements in a hot converter. Firstly, the high temperature introduces background radiation which detracts from the SNR and the single shot resolution of the measurement or increases the measurement time. Secondly, the speed of light is dependent on the refractive index of the air, which is a function of temperature /9/, and this variation in the refractive index may alter the transit time of the laser pulses and cause instability as the temperature of the air in front of the target varies. Possible temperature gradients along the path of the measurement beam can also cause local variations in the refractive index, which may disturb the beam and cause instability in the measurements. Thirdly, the temperature of the air decreases further away from the hot lining of the converter and if the surface is measured at an angle, the laser beam can be refracted because the refractive index changes. This may cause non-linearity in the results at different measurement angles. Also a huge amount of dust and smog exists in front of the converter immediately after tapping, and this can attenuate the received signal and scatter some of it back to the receiver, which can take the form of an unwanted stop pulse prior to the real one.
The radiance of an ideal black body can be calculated by integrating Planck's law of black body radiation over a desired wavelength interval. The radiance of a real target is obtained by multiplying the spectral radiance of the black body by the emissivity ε of the surface. ε is usually a function of temperature and wavelength /10/, but in this article it is assumed to be a constant (0.8), as no exact estimate of its variation as a function of temperature is available. An example of the radiance L B of a grey body and the wavelength λ P at which L B is at its maximum are presented in Table 1 , calculated around the wavelength of a GaAs single heterojunction laser diode, 906 nm.
To achieve an estimate of the background radiation collected from a hot target, a schematic diagram of the typical receiver optics of a laser profiler constructed with one positive lens is presented in Figure 1 . The optics consist of a detector of area A D at a distance s 1 from the lens. The signal reflected from the target is collected on the detector by the receiver lens, with an area of A R and focal length f R . The background radiation is reduced by a narrowband optical interference filter located either in front of the receiving lens or between the lens and the detector. The receiving optics are adjusted in a such way that the lens forms an image of the detector of area A I at a distance s 1 ' from itself. This image can be either real or virtual, which means that the focus distance can be from minus infinity to plus infinity. The distances between the detector and lens and the image and lens can be calculated according to the Gaussian lens equation.
Calculation of the background radiation P B is based on the formula:
where τ R is the transmission of the receiver optics. Eq. (1) can easily be understood to be true if the hot target is at the distance of the image plane of the receiver lens, but it is in fact valid at all target distances. If the position of the target changes, the detector and its image remain fixed, and the detector can be thought to be replaced at the position of its image. Since the solid angle which collects radiation Ω R = A R /s 1 ' 2 and the area of the detector image A I are independent of the position of the target, the background power collected remains constant even if the distance between the radiating target and the image of the detector changes. The situation is the same as if the detector is looking at the radiating target through a hole of distance s 1 ' and area A R . The assumption that the background power received is independent of the target distance as long as the focus distance remains constant was confirmed by measuring the optical radiation received from a hot oven at a temperature of about 800°C with the optics shown later. The results are given in Figure 2 .
To reduce the background radiation by optical design methods, the product A R Ω I should be kept as small as possible. This product can be expressed as a function of the area and focal length of the receiver lens, the detector diameter and the focus distance with the formula
Eq. 2 implies that a change in the focus distance from 1 m to infinity, for example, will increase the product A R ⋅Ω I only by a factor of about 1.3 if the focal length of the receiver lens is 120 mm. Thus the focus distance of the receiver optics can be freely adjusted without having much effect on the received background radiation.
B. Total noise of the system and its contribution to measurement resolution The resolution of a TOF measurement is determined by the signal to noise ratio of its detection. A simplified formula by which the distance resolution σ RCL of a single shot measurement can be estimated is /11/ σ σ RCL n c du dt
where c is the speed of light in a vacuum, σ n the root-mean-square value (RMS) of the noise, du/dt the slope of the timing pulse at the moment of timing and B the bandwidth of the timing pulse. The slope of the timing pulse in Eq. (3) is approximated by the peak value of the signal u s divided by the risetime t r of the signal, and the risetime by the formula t r ≈ 0.35/B. SNR is the signal to noise ratio u S /σ n . If the number of measurements to be averaged is N, then the resolution in Eq. (3) is improved by a factor of 1/ N .
Eq. (3) can be applied directly only to constant level detection and it assumes that the noise in the reference level is small compared with that in the signal. Timing discrimination in pulsed TOF laser radar devices is determined by a constant fraction timing discrimination (CFD) principle of some kind /12/, in which the timing is performed by dividing the incoming pulse into two parts, delaying one part in a such way that the timing moment occurs when the falling edge of the undelayed pulse and the rising edge of the delayed pulse cross, at a moment when the amplitude of these pulses is about a half of the maximum value. In this detection principle the rms value of the noise in the rising edge is about the same as that in the falling edge at the moment of timing. If the noise levels in the leading and trailing edges are uncorrelated, the distance resolution of the CFD σ RCF can be estimated to be
where σ L , σ T , du L /dt and du T /dt are the RMS noises of the leading and trailing edges of the timing pulses and the slopes of these edges, respectively. If σ L = σ T = σ n and the slopes of the leading and trailing edges are equal, then the distance resolution of the CFD detection is σ RCL / 2 .
Eq. (4) should also be applied to the detection of the start signal. If the noises in the start and stop pulses can be assumed to be uncorrelated and if the timing moment in the start channel is also determined on the CFD principle described here, the total resolution σ R can be approximated by summing the distance resolution of the start and stop channels as random variables
where the signal bandwidths in the start and stop channels are assumed to be equal. Any other jitter sources which reduce the resolution, such as the single shot resolution of the time interval measurement must also be summed as a random variable in Eq.
(5) to obtain the total resolution.
TOF rangefinding systems involve three main noise sources which reduce the SNR: the signal itself, the noise in the electronics (preamplifier and AP diode) and background-induced noise. The summary of each noise source is shown in Table 2 , reduced to current noise in the input of the preamplifier. Typical numerical values for each noise component are shown in Table 3 .
The signal level at the timing moment is scaled from the peak value of P S using the factor k TP in the calculation of the signal noise. If the timing point is at a half of the peak amplitude of the pulse, a first approximation to the value of k TP is 0.5 if the bandwidth of the receiver channel is about the same as that of the optical pulse or higher. The primary response R o of the silicon AP diode is 0.44 A/W at a wavelength of 900 nm, if the quantum efficiency is 60%. The term F(M) is the excess noise factor of the AP diode, which is a function of the APD gain M. There are several formulae for the excess noise factor F(M) in the literature, of which that given by the manufacturer of the diode /13/ is used in these calculations:
The value of the signal noise in Table 3 was calculated with two values of P S , corresponding to ratios of the peak signal current to the rms value of the electronics noise current of 10 and 100. The terms k, q and B n in Table 2 corresponds to Bolzmann's constant, electron charge and the noise bandwidth of the receiver electronics, respectively.
Noise in the AP diode is caused by the detector dark current, which contains two parts: I ds which is not multiplied, and I db , the multiplied part /14/. The amount of noise contributed by the dark current depends on the active area of the diode, so that diodes with a small area (0.2 mm 2 ), like C30902E, have noise which is about one tenth of that of the preamplifier and can thus be neglected.
The noise contribution of the transimpedance-type preamplifier arises from four sources: the base current I B , the base spreading resistor and collector current I C of the first transistor stage and the feedback resistor R F of the preamplifier itself. If the total capacitance in the input of the amplifier C in is small, the dominant noise sources in the preamplifier will be I B and R F /15/.
The reflected current noise i n / B n in the input of the preamplifier is thus
When the target temperature increases, noise from the background radiation becomes the dominant noise component, whereas below about 760°C the noise contribution of the electronics is the dominant one, with a value of about 6.6 pA/ Hz in this experimental system.
C. Received signal as a function of distance
The optical signal P S received at the detector is usually approximated as a function of distance by the radar equation, which gives a good approximation over long distances. In this case the whole signal which reaches the receiver lens goes on to the detector, reduced only by the transmission of the receiver optics. Over short distances only a fraction of the signal collected by the receiver lens goes on to the detector, because the image of the illuminated target does not usually fit entirely on the detector surface.
The signal received at the detector surface, P S (x), can be approximated at all distances x by the modified radar equation:
where ρ is the reflectivity of a diffusely reflecting target in the direction of the normal of the surface, P T the optical power of the laser diode and τ T the transmission of the transmitter optics. The exponent term represents a coefficient by which the signal is attenuated in the round trip for atmospheric reasons /16/. The constant γ, an "extinction coefficient", represents the attenuation factor, which is usually assumed to be zero except when measuring distances over hundreds of metres or if atmospheric conditions are very severe due to dust, smog or smoke, for example. The term T(x) in Eq. (8) represents the effect of the fixed optics on the signal level, and can be assumed to have a value of 1 only if the detector sees the whole area illuminated by the transmitter. As explained above, this is usually the case with long distances, and also with short distances if the transmitter and receiver optics can be focused and their beams can be kept overlapping at the measurement distance.
The value of T(x) is dependent on the distance, usually in a highly complicated manner depending on the construction and adjustments of the optics. This is impossible to evaluate in symbolic form because the transmitter beam profile is not uniform at out-of-focus distances and the receiver usually sees only a fraction of it at short distances if paraxial optics are concerned. To calculate T(x), the radiance caused by the transmitter and the solid angle at which the receiver is seen must be determined and the product of these two must be integrated over the whole area from which the receiver optics collect the reflected signal. Details of this calculation, which is best carried out in numerical form by means of a computer program, are presented in /17/. As an example, three simulated curves (γ = 0) with different optical adjustments, together with the 1/x 2 curve obtained by the radar Eq. (8) when T(x) = 1, are shown as a function of distance in Figure 3 . The scale is set to 1 at a distance of 8.5 m, where the curve A reaches its maximum, and the other two signal curves are scaled with respect to this value. The adjustment of the optics clearly has a great effect on the amount and dynamics of the received signal in the measurement area of 3 m -30 m, for example.
The signal current i S in the input of the preamplifier can be obtained from Eq. (8) by multiplying it by the response of the AP diode:
D. Estimation of the signal-to-noise ratio
The signal to noise ratio at the detection level can be expressed by combining Eqs. (7) and (9):
In real measurement situations in iron works, the dominant noise component when the temperature is above 760°C is the background-induced noise. It can be seen from Eqs.
(1), (8) and (10) that in this case the SNR is proportional to A R /Ω I . To increase the SNR, the transmitter spot should be made as small as possible, so that receiver beam, and thus Ω I , can be made small. This can be done by increasing the focal length of the transmitter lens, but at the same time its diameter must be increased to avoid NA losses in the transmitter optics. The diameter of the active area of the radiating source can be reduced, of course, but the output power usually decreases, too. On the receiver side, any increase in the diameter of the receiver optics will increase the SNR. The numerical aperture of the detector sets the upper limit for the diameter of the receiver lens unless its focal length is increased, which will then reduce the receiver beam diameter.
III. CONSTRUCTION OF AN EXPERIMENTAL LASER RADAR
A. Construction of the distance measurement electronics
The main parts of the distance measurement electronics are a laser transmitter, two receiver channels for start and stop pulses, a time-to-digital converter (TDC) and a µP-based control unit. A simplified schematic diagram of the electronics is shown in Fiqure 4, a more detailed description is presented in reference /6/ and typical electrical parameters are summarised briefly in Table 4 .
The transmitter consists of a pigtailed semiconductor laser diode and pulsing electronics based on avalanche breakdown of a specially selected transistor. The laser is inserted inside a box, the temperature of which is stabilized by a Peltier element. This improves the stability of the distance measurement with respect to temperature.
The start channel consists of a pigtailed PIN photodiode, transimpedance preamplifier, two post-amplifiers and a CFD to convert analogue pulses to accurate ECL-level (emitter-coupled logic) start pulses. Optical start pulses are generated in the measuring head and converted to current pulses by the PIN photodiode. Τhe signal bandwidth of the receiver channel is matched to that of the optical laser pulse and the amplification of the start channel is adjusted so that the signal level in the CFD is at its optimum value.
The stop channel includes a pigtailed silicon avalanche photodiode, preamplifier, gain control electronics, two post-amplifiers and the CFD. An AP diode is used because the signal level received from the converter is too low for a PIN photodiode. Gain control is performed electrically and has a dynamic range of 25 dB, which is usually sufficient when making measurements in actual factory environments. If more attenuation is needed, the processor lowers the gain of the AP diode by reducing the bias voltage.
The timing moment in the start and stop channel CFD is based on crossing of the leading and trailing edges of the delayed and direct timing pulses, respectively, so that timing does not take place at the peak signal level but at the half-amplitude point. A short ECL-timing pulse of about 10 ns produced by the CFD is transmitted to the TDC at the timing moment as a start or stop pulse. The typical walk error of this kind of CFD is within +/-3 mm in a dynamic range of 1:4. Distance measurement is possible if the ratio of the peak value of the signal to the rms value of the noise from the electronics is greater than about 10. With a lower ratio there are too many unwanted stop pulses in the receiver channel caused by noise, which slows down reliable distance measurement too much.
The time interval between the start and stop pulses is measured with the TDC, which is a fast, accurate, stable time interval measuring device employing a digital counting technique together with an analogue interpolation method /18/.
B. Construction of the optical measurement head
The optomechanical measuring head of the experimental laser radar consists of paraxial optics with a separate transmitter and receiver channel. Paraxial optics were chosen because they have a better transmittance than coaxial optics, thus improving the inherently low SNR of measurements involving hot refractory linings. The schematic diagram of the optics is shown in Figure 5 , a detailed description of the measurement head can be found in reference /6/ and typical optical parameters are summarized in Table 5 .
The pulses from the laser diode are guided to the measuring head by an optical fibre, and the light emerging from the fibre is collimated and focused by a high quality achromatic lens. A fraction of the transmitter light pulse is picked up as a start pulse. This optically generated start pulse improves the stability and resolution of the system relative to an electrically generated start pulse. An optical interference filter is placed in front of the transmitter fibre to reduce the heating effect of a hot target. The diameter and focal length of the receiver lens are the same as those of the transmitter lens. The stop fibre feeds the light to the AP diode of the stop channel receiver, and in front of it there is a narrowband interference filter which deflects most of the background radiation away. A heat-resistant glass shield is placed in front of the transmitter and receiver lenses to protect the optics from dust and other mechanical hazards present in industrial environments.
The total losses in the transmitter optics consist of NA mismatch losses between the transmitter fibre and lens and transmission losses in the interference filters, glass shield and air/glass surfaces of the transmitter lens, and those in the receiver optics of losses in the glass shield, air/glass surfaces of the receiver lens and interference filter and connection losses between the receiver fibre and detector. The detector is placed inside a receptacle to which the receiver fibre is connected with a SMA-type fibre connector. The fibre/diode transmission τ FD is calculated from the core diameter of the fibre, the diameter of the active area of the detector (0.5 mm), the distance between the fibre and detector (1.3 mm) and the NA of the receiver fibre (0.3, 1/e 2 -intensity level).
The diameter of the measurement beam varies as a function of the measurement distance, being a minimum of 25 mm at the focus distance of the transmitter, 10 m. Variations in the reflectivity properties and undulations of the target surface inside the measurement beam area can cause error in distance measurement of the order of some tens of millimetres. The finite size of the measurement spot rounds off any sharp stepwise variations in the surface and smooths out any undulations of the surface. The effect of these variations of the surface can be estimated if the beam intensity profile, the shape of the laser pulse in the time domain and the principle of the timing discrimination method are known.
IV. MEASUREMENT RESULTS UNDER LABORATORY CONDITIONS
Results regarding the resolution, linearity and stability of the experimental distance measurement electronics are presented here with respect to temperature and time as measured under stable laboratory conditions.
The measured and calculated single shot resolutions of the electronics as a function of the SNR in the stop channel are shown in Figure 6 . The SNR is expressed as the ratio of the peak value of the signal current to the rms value of the noise current of the electronics. The single shot resolution of the TDC, 6 mm (sigma value) /18/, is added to the calculated resolution. The value of the SNR was altered during measurement by using neutral density filters in front of the transmitter optics. The calculated and measured resolutions are in good agreement and the resolution at high SNR values is limited to about 10 mm. The ratio of the peak value of the signal current to the rms value of the noise current of the electronics in the start channel was about 90.
The effect of averaging on the resolution can be seen in Figure 7 , where the measured resolution is plotted at two SNR values. The measured value corresponds to this, as N varies from 1 to 4000. A small deviation from the 1/ N curve can be seen in both curves at large values of N. The resolution can be improved to a mm range, however, if the SNR is more than10 and if N is about 1000.
The non-linearity of the device as a function of distance is presented in Figure 8 . The measurement was performed on a black lining brick with a reflectivity corresponding to that of the cool converter lining, 0.06. The brick was moved along a scale in 0.5 m steps and was capable of being positioned with an estimated accuracy of +/-1 mm.
The maximum signal was collected at a distance of 10 m and the variation in signal level was about 23 dB in the area measured. The gain control electronics had an internal delay which depended on the attenuation. This delay was partly compensated for by the processor in Figure 8 .
The stability of the electronics with respect to ambient temperature is shown in Figure  9 . The temperature of the laser was stabilized to +20°C by the Peltier element. The drift of the electronics without temperature compensation is linear and about -1.1 mm/°C. If the temperature of the laser had not been stabilized, the drift would have been non-linear, as presented in /6/, due to the variation in the shape of the optical pulse in the time domain, for which the CFD cannot compensate. The temperature stability of the TDC of this device is better than -0.2 mm/°C, which means that one probable reason for the temperature drift is non-equal drift between the start and stop channels. The drift was found to be independent of the measurement distance and the amplification of the receiver channel, which means that it can easily be compensated for. Figure 9 also presents the drift of the device when the temperature drift is compensated for by the processor according to a preprogrammed temperature/drift table for the electronics. The stability of the temperaturecompensated electronics is about +/-4 mm over the whole temperature range -20°C -+40°C.
The stabilization time of the electronics after power on is shown in Figure 10 . The measured distance is stabilized to an accuracy of +/-5 mm within 5 min and to an accuracy of +/-1 mm within 20 min. The temperature of the electronics rises about 4°C during stabilization. The total drift during stabilization is -20 mm, of which the TDC accounts for 3.5 mm. The reason for the stabilization drift lies in the twochannel electronics. The start and stop channels have non-equal drift during thermal stabilization of the electronics.
The long-term stability of the electronics has been measured over a time period of about 60 hours, and the drift in the measured distance was found to remain within +/-3 mm. The temperature of the electronics varied periodically by about +/-3°C during measurement.
V. MEASUREMENT RESULTS IN REAL ENVIRONMENTS
The measurements described in this chapter were made with the experimental laser radar device in an actual industrial environment, the Raahe Steel Works of Rautaruukki Ltd, during normal operation.
A. Background radiation
The background radiation collected by the optics was measured with the optomechanical head described earlier and an optical power meter. The target was a hot converter and distance to the bottom was 10 m. Measurements were made at a right-angle to the bottom lining of the converter. The background radiation was fed to the power meter via an optical fibre of the same type as used in the stop channel. The focus distance of the receiver optics was 24 m. The temperature of the converter surface was measured with a pyrometer.
The measured and calculated background radiations in the receiver fibre are shown in Figure 11 as functions of the temperature of the converter. The background power was calculated using Eq. (1). The transmission of the receiver optics from the shield glass to the output of the receiver fibre, without the connection coefficient between the fibre and detector, was 0.67.
The measured and calculated values are not exactly the same if the emissivity is 0.8, as was assumed. Instead, an emissivity value of 0.7 gives results within +/-10% of measured background radiation. The fact that the measured background radiation differs only slightly from the calculated value nevertheless proves that the design of the optics is correct, for the optics collect radiation only within the solid angle determined by the diameter of the receiver fibre and the focal length of the receiver lens. There is no excess radiation reaching the measurement head from outside the solid angle and transmitted to the detector by internal reflections. The interference filter effectively blocks the background radiation, which lies beyond the passband.
B. Gain of the AP diode
To measure the dependence of the gain of the AP photodiode as a function of bias current, the receiver fibre was installed in the transmitter optics during the previous measurement and the transmitter optics focused at the same distance as the receiver optics, with their axes overlapping over a measurement distance of 10 m. Thus the optical power meter and AP diode were looking at the same point in the converter through identical optics. The dependence of the gain of the AP diode with respect to ambient temperature was corrected by increasing the bias voltage by a factor of +0.7 V/°C .
The gain of the AP diode M was calculated as a function of the measured bias current I B by the equation
The calculated and measured bias currents of the AP diode are shown as a function of the temperature of the converter in Figure 12 and the gain of the AP photodiode as a function of the bias current in Figure13.
The measured gain of the AP diode at a current level of 10 µA is only slightly more than the minimum value promised by the manufacturer on the diode datasheet. The calculated gain would be higher if the transmission of the fibre-diode connection was lower, but as mentioned earlier, the given value was calculated from the geometry of the connection. The decrease in the gain of the AP diode when the dc-bias current is increased from 10 µA to 80 µA is 27%. A decrease in gain of this kind was ascertained later in laboratory measurements carried out on a number of AP diodes. According to the manufacturer, the response of the AP diodes is linear over a wide input power level, 0.01 pW -10 nW, depending on the bandwidth and quantum efficiency /19/. Gain saturation can occur due to a number of effects, however, principally voltage drop across the load resistance or bias circuitry, heating effects and space-charge effects. All three reasons seem to be probable in this application.
The 80 µA bias current level corresponds to a converter temperature of 1405°C, which is achieved immediately after the molten steel is poured out. The maximum allowable continuous dc reverse current of the AP diode is 200 µA /13/, which can be estimated to be achieved if the temperature of the converter is about 1530°C and no bias current limitation is included in the bias circuitry.
C. Background radiation-induced noise
The background radiation-induced noise was also measured at the same time as the gain of the AP diode. The radiation collected by the optics from the hot converter was guided to the AP diode via the stop fibre and the noise level was measured at the output of the stop channel amplifiers with a wideband rf millivolt meter. The measured and calculated noise curves, reduced to the input of the preamplifier, are presented in Figure 14 as a function of the temperature of the converter.
Three noise curves are shown the first obtained from the calculated background radiation, Eq. (1), after which the noise was calculated by Eq. (7), the second calculated from the measured background radiation, as shown in Figure 11 , also employing Eq. (7), and the third calculated from the measured electrical noise, scaled to the input of the preamplifier by dividing it by the bandwidth and gain of the preamplifier and postamplifiers. In all these calculations the gain and excess noise factor of the AP diode are corrected with respect to the bias current shown earlier.
All three noise curves are almost linear and identical in slope, having only different amounts of offset. If the emissivity were expected to have a value of 0.7, the first and second curves would be identical. It can be deduced by extrapolation from all the curves that the background radiation-induced noise is equal to the electronics noise 6.6 pA/ Hz at temperatures of about 800°C.
D. Signal-to-noise ratio
The SNR was measured with a laser transmitter of pulse power about 10 W. The transmitter and receiver optics were focused and their axes set to cross at 24 m and 10 m, respectively. The measurement distance was 10 m. The signal and noise levels in the output of the stop channel amplifiers (input of the CFD) were measured with a wideband oscilloscope and a rf millivoltmeter, respectively.
Measurement was begun immediately after tapping of the converter, at a temperature of about 1400°C. The received signal increased about 28% during measurement, partly due to the increase in the gain of the AP diode, while the signal level varied randomly by about +/-10% with a frequency of about 1 -2 Hz, probably on account of the smoke and dust issuing from the hot converter.
The measured and calculated SNR values are presented in Figure 15 . The signal level was calculated by the radar equation (8) at a distance of 10 m, in which case T(x) = 0.6 because the focus distance of the transmitter and receiver optics was 24 m rather than 10 m.
The SNR was about 15 immediately after commencing measurement, after which it increased to about 55 by the end of measurement about 15 min later. The calculated SNR curve has values about four times larger than the measured ones over the entire temperature range, and since the measured and calculated noise levels are about the same, the reason must lie in the intensity of the received signal. The extinction coefficient γ is assumed in these calculations to be zero, whereas if it is assumed to be of 0.069 m -1 an attenuation of 1/4 will be obtained in the signal. This attenuation could be caused by smoke or dust in the hot converter. On the other hand, the attenuation would probably not be constant during measurement because the dust and smoke would disperse with time. The most probable reason is thus that the reflection coefficient of the hot target may vary depending on whether the measurement point is the fire bridge itself or a coating of slag, other iron oxides or even pure iron on its surface. Test measurements under laboratory conditions and the modified radar Eq. (8) give equal results when carrying out measurements on a target of known reflectivity.
E. Stability of the distance measurement
A stability measurement was performed to assess the dependence of the measured distance on the temperature of the converter. The speed of light is dependent on the refractive index of the air, which depends on the air pressure, temperature and humidity /9/. The flow of hot air out of the converter can cause the measurement beam to refract, which can be seen as a variation in the measured distance.
The stability, signal level and single shot resolution of measurements of a hot converter at a distance of 14 m are shown in Figures 16 and 17 . The time 0 corresponds to the point at which the converter was turned just after tapping so that measurement became possible. The temperature of the converter was about 1400°C initially and about 1050°C by the end of the measurement. Reliable distance results were obtained 1.5 min after beginning the measurement because of the huge amount of smoke and dust rising in front of the converter, which caused a proportion of the signal to scatter back, to be detected in the oscilloscope in the form of an additional wide pulse of randomly varying position and amplitude in the receiver channel.
The measured distance drifted -5 mm during the first 5 minutes, after which the rate of drift decreased. This drift may be caused by variation in the refractive index of the air as the converter cooled down. All the results remained within +/-6 mm during the 22 min measurement period, but the signal level measured by the system processor doubled during this time, partly as a result of an increase in the gain of the AP diode because the bias current decreased as the converter cooled down, and partly because the smoke and dust dispersed, reducing the extinction coefficient and increasing the signal. The single shot resolution measured by the processor was about 50 mm (sigma-value) at first, which corresponds to the SNR value of 10 obtained from Figure  6 . By the end of the measurement the resolution had improved to 20 mm, corresponding to a SNR value of 50.
VI. SOME REAL LINING WEAR MEASUREMENTS
After developing the experimental version of the laser radar device, the authors developed two new laser radar instruments together with two Finnish firms, Noptel Ltd. and Rautaruukki New Technology Ltd., based on more advanced electronics and optics. This has resulted in the production of two commercial laser radar devices, the older LR-1500 for point measurement in hot converters and the more recent LR-2000 for automatic profiling of the bottom region of a hot converter.
A. Construction of the laser profiler LR-2000
The laser profiler consists of five units: an optomechanical measurement head, step motors, distance measurement electronics, power supply and a PC/AT-compatible control computer. A drawing of the laser profiler is provided in Figure 18 .
The distance measurement electronics contain all the electronics needed to measure the transit time of a very short laser pulse to a target and back. It has a uP controller which communicates with the PC via a RS-232C serial bus. Signals between the distance measurement electronics and the optical head are transmitted by optical fibres. The optical head contains transmitter optics to collimate the laser pulse to the target and receiver optics to collect part of the reflected signal in the receiver fibre. The measurement head can be scanned with good accuracy and high speed by means of two step motors which contain an integrated package of a servo motor, gear box, angle encoder and driver electronics. The scanning motors communicate with the PC via a RS-232C interface. The power supply provides DC voltages for the other units, and also includes batteries, which make it possible to use the system for about 4 hours without a mains supply. The control computer includes an electroluminescent EGAcompatible flat display, keyboard, disc drive and program package to handle all the measurement and analysis tasks. The whole measurement system is installed in an equipment cart which is easy for one man to move to the measurement site. Heat shield elements for protection against thermal radiation are also included, and the weight of the whole system is about 120 kg.
The measurement sequence is as follows. The first step is to fix the coordinate system of the measuring equipment to the object coordinate system, after which automatic measurement can be performed according to a preprogrammed sequence. A manual measurement mode with manual scanning and single point measurement is also possible. The results are displayed on a screen and stored for post-processing and analysis. The wear rate of the lining is obtained by comparing the results with those obtained upon first measuring the relined converter.
B. Measurement results obtained in normal use of the LR-1500 and LR-2000
The LR-1500 has been in use for several years for performing lining wear measurements at the Raahe Steel Works of Rautaruukki Ltd. /8/ /20/. It does not support computer-controlled scanning and must be aimed manually at the desired point. It is designed for point measurements to obtain lining wear data on the tuyere regions of converters. These are the most critical areas because the rate of wear is highest on account of the N 2 /Ar gas blown into the molten steel during the process. Two typical lining wear rates during campaign times with two types of lining brick are presented in Figure 19 . The typical measurement distance was about 10 m. The whole measuring process for six tuyeres lasts about 20 min, including all preparations, calibration and data processing. The number of measurement points was about 100 per measurement, the total time taken being about 10 min, including fixing of the coordinates (1 -2 min) and changing the position of the profiler. The time per measurement point is about 0.5 second. This consists of the time required to measure the distance, which is approximately 310 ms because 500 successive results were averaged, reading and storing the result and turning the measurement head, which together take about 200 ms. The savings in measurement time compared with a laser profiler based on the modulation of a continuous wave is obvious. The measurement speed of most other devices is typically between 3 -10 second/point depending on the temperature and reflective properties of the lining /7/ /21/.
VII. DISCUSSION
The possibilities for measuring hot refractory lining wear rate by pulsed TOF techniques are examined here, including considerations of the collection of background radiation, the signal-to-noise ratio and its effect on resolution. An experimental laser radar device has been constructed to verify the calculations. The test system consists of distance measurement electronics and a separate optomechanical measurement head connected to the electronics by optical fibres. The distance measurement electronics consist of a semiconductor laser diode, two channel receivers for the start and stop pulses, gain control electronics and a novel time interval measuring system, the TDC. The optomechanical measurement head is constructed with paraxial optics and separate transmitter and receiver channels to achieve maximum efficiency. The narrowband optical interference filter in the receiver channel reduces the high background radiation from the hot converter and thus improves the inherently low SNR.
Test measurements in laboratory and industrial environments show that the achievable distance measurement resolution of a pulsed TOF laser radar device can be estimated to an accuracy better than a few percent using the formulae presented here. The background radiation collected is independent of the measurement distance and depends only on the dimensioning and adjustment of the receiver optics. The formulae estimate this to an accuracy of +/-10%, but the accuracy to which the noise in the receiver channel can be estimated is somewhat lower, +/-15%, due to variation in some parameters, such as emissivity of the hot target.
The pulsed TOF laser radar device is capable of measuring distances reliably if the ratio of the peak signal to the noise of the electronics in the input to the constantfraction-timing discriminator is greater than about 10. This signal to noise ratio can be achieved at measurement distances at up to 15 -20 m if the temperature of the target is 1400°C and the optical peak power of the laser at least 10 W. The single shot distance resolution is about 60 mm (sigma-value) if the SNR is 10, but resolution can be improved to the mm level by averaging, the measurement time still remaining short, about 0.5 s. The measurement time is about one tenth of the time required by the CW technique. The total accuracy of this experimental device is limited to +/-10 mm due to non-linearities caused by the electronic gain control and temperature drift related to the electronics with separate receiver channels for start and stop pulses.
A new commercial laser profiler, LR-2000, has recently been developed based on the experimental version described above. This again uses the pulsed TOF principle, the main advantage of which as compared with the CW technique is its shorter measurement time. The LR-2000 has been used successfully at Raahe Steel Works for one year for measuring the lining wear rates of three converters. No converter breakouts have occurred during this time. Exact knowledge of the wear rate in each campaign has provided good data for selecting the optimal brick material, thereby increasing converter productivity. The pulsed TOF laser radar device or modifications of it may prove applicable in future to other demanding industrial measurement situations requiring cm-class accuracy. 
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